Alport syndrome is a hereditary nephropathy that results in irreversible, progressive renal failure. Recent reports suggested that bone marrow transplantation (BMT) has a beneficial, short-term effect on renal injury in Alport (Col4a3 Ϫ/Ϫ ) mice, but its long-term effects, especially with regard to survival, are unknown. In this study, Alport mice received a transplant of either wild-type or Col4a3 Ϫ/Ϫ bone marrow cells. Surprising, laboratory evaluations and renal histology demonstrated similar findings in both transplanted groups. Transplanted cells accounted for Ͼ10% of glomerular cells at 8 wk, but type IV collagen ␣3 chains were not detected in glomerular basement membranes of either group by immunofluorescence or Western blot analysis, although Col4a3 mRNA in the kidney could be amplified by reverse transcription-PCR in knockout mice that received a transplant of wild-type bone marrow. Both transplanted groups, however, survived approximately 1.5 times longer than untreated knockout mice (log rank P Ͻ 0.05). These data suggested that irradiation, which preceded BMT, may have conferred a survival benefit; therefore, the survival time of knockout mice was assessed after sublethal irradiation (3, 6, and 7 Gy) without subsequent BMT. A strong positive correlation between irradiation dosage and survival time was identified (P Ͻ 0.0001). In conclusion, the improved survival observed in Alport mice that received a transplant of wild-type bone marrow might be primarily attributed to as-yet-unidentified effects of irradiation.
cells. Surprising, laboratory evaluations and renal histology demonstrated similar findings in both transplanted groups. Transplanted cells accounted for Ͼ10% of glomerular cells at 8 wk, but type IV collagen ␣3 chains were not detected in glomerular basement membranes of either group by immunofluorescence or Western blot analysis, although Col4a3 mRNA in the kidney could be amplified by reverse transcription-PCR in knockout mice that received a transplant of wild-type bone marrow. Both transplanted groups, however, survived approximately 1.5 times longer than untreated knockout mice (log rank P Ͻ 0.05). These data suggested that irradiation, which preceded BMT, may have conferred a survival benefit; therefore, the survival time of knockout mice was assessed after sublethal irradiation (3, 6 , and 7 Gy) without subsequent BMT. A strong positive correlation between irradiation dosage and survival time was identified (P Ͻ 0.0001). In conclusion, the improved survival observed in Alport mice that received a transplant of wild-type bone marrow might be primarily attributed to as-yet-unidentified effects of irradiation. Alport syndrome (AS) is a progressive type of hereditary nephritis associated with genes coding for type IV collagen. [1] [2] [3] Two major types exist in which an X-linked AS caused by mutations in COL4A5 includes Ͼ80% and an autosomal recessive form caused by mutations in COL4A3 or COL4A4 includes almost 15% in human. 2, 3 Regarding the optimal treatment of this disease, there is no viable strategy except for renal transplantation at present. There are some reports in which conservative therapy with angiotensin-converting enzyme inhibitors or angiotensin II receptor blocker effectively attenuated renal deterioration in the mouse. 4, 5 There are also reports in which immunosuppressive therapy, such as cyclosporine A, has been shown to be useful for this syndrome in dogs and humans, but it is controversial to use an immunosuppressive agent in view of adverse effects. 6, 7 Gene therapy for this hereditary disease might thus be a potentially effective treatment modality. Heikkila et al. 8, 9 developed a method that delivered the target gene by organ perfusion and achieved high fixed rate to the kidney in the pig; however, the long-term effects were not evaluated, and, therefore, its efficacy remains unclear.
Recently, the possibility that bone marrow-derived cells can attenuate this nephropathy in the mouse was reported by two groups. 10, 11 Both groups showed some improvement in renal injury on the basis of the laboratory data and histology; however, so far, no report has addressed the survival time of these mice, which is essential to judge the effectiveness of bone marrow transplantation (BMT). 12 Therefore, the short-term and long-term effects on BMT were analyzed in our study using larger sample sizes.
RESULTS

Survival Time
The survival times of Col4a3
BMT mice (knockout [KO] ) and KO to KO BMT mice improved significantly in comparison with the KO mice (survival times 125 Ϯ 4 and 135 Ϯ 5 versus 82 Ϯ 1 d; log rank test for trend, P Ͻ 0.05, respectively), whereas there was no significant difference in the mean survival times between the two BMT mice groups (z score ϭ 1.48; P Ͻ 0.05; Figure 1A ). The survival times of the irradiated KO mice without BMT were 100 Ϯ 2, 108 Ϯ 4, and 105 Ϯ 11 d in 3, 6, and 7 Gy, respectively ( Figure  1B ). The positive correlation between the irradiation dosage and survival time was strongly significant (hazard ratio 0.553; 95% confidence interval 0.466 to 0.656; P Ͻ 0.0001).
Laboratory Evaluation
At 7 wk of age, no significant difference was observed in the blood urea nitrogen (BUN) and serum creatinine (Cr) levels among the four groups. Figure 2A ). The BUN levels of the KO, 3 Gy KO, and 6 Gy KO mice were 18.92 Ϯ 1.29, 20.80 Ϯ 1.02, and 16.66 Ϯ 0.74 mg/dl, whereas their Cr levels were 0.142 Ϯ 0.006, 0.144 Ϯ 0.015, and 0.124 Ϯ 0.004 mg/dl, respectively, at 7 wk of age. The BUN level of 3 Gy KO was elevated in comparison with that of 6 Gy KO mice (P Ͻ 0.05; Figure 2B ). At 11 wk of age, the BUN levels of the KO, 3 Gy KO, and 6 Gy KO mice were 239.32 Ϯ 34.88, 57.06 Ϯ 13.14, and 63.82 Ϯ 15.70 mg/dl, whereas the Cr levels were 1.166 Ϯ 0.124, 0.248 Ϯ 0.058, and 0.304 Ϯ 0.057 mg/dl, respectively. These findings indicated the BUN and Cr levels of 3 and 6 Gy KO mice significantly improved in comparison with those of the untreated KO (P Ͻ 0.05; Figure 2B ).
Renal Histology
At 7 wk of age, the sclerotic indices of WT, KO, WT to KO BMT, and KO to KO BMT mice were 0.30 Ϯ 0.04, 0.78 Ϯ 0.10, 0.65 Ϯ 0.10, and 0.60 Ϯ 0.05. The sclerotic indices of KO and WT to KO BMT mice significantly increased in comparison with WT mice (P Ͻ 0.05; Figure 3A ). At 11 wk of age, the sclerotic indices of the four different mouse groups were 0.62 Ϯ 0.04, 2.59 Ϯ 0.05, 1.41 Ϯ 0.14, and 1.20 Ϯ 0.07. A statistical analysis indicated that the sclerotic indices of KO, WT to KO BMT, and KO to KO BMT mice significantly increased in comparison with WT mice (P Ͻ 0.05). The sclerotic indices of the two BMT mouse groups significantly improved in comparison with the untreated KO mice (P Ͻ 0.05; Figure  3A ). The sclerotic indices of KO, 3 Gy KO, and 6 Gy KO mice were 0.78 Ϯ 0.10, 0.53 Ϯ 0.08, and 0.61 Ϯ 0.08 at 7 wk of age and 2.59 Ϯ 0.05, 1.90 Ϯ 0.14, and 1.64 Ϯ 0.20 at 11 wk of age BASIC RESEARCH www.jasn.org ( Figure 3B ). The sclerotic indices for 3 and 6 Gy KO mice significantly improved in comparison with those of the KO mice at 11 wk of age (P Ͻ 0.05). Conversely, the fibrotic indices of WT, KO, WT to KO BMT, and KO to KO BMT mice were 0.12 Ϯ 0.04, 0.55 Ϯ 0.10, 0.40 Ϯ 0.03, and 0.38 Ϯ 0.02 at 7 wk of age. The fibrotic index of KO mice significantly increased in comparison with WT mice (P Ͻ 0.05; Figure 4A ). At 11 wk of age, the fibrotic indices of these four mouse groups were 0.22 Ϯ 0.07, 3.45 Ϯ 0.18, 1.78 Ϯ 0.33, and 1.50 Ϯ 0.15, respectively. These findings indicated that the fibrotic indices of KO, WT to KO BMT, and KO to KO BMT mice significantly increased in comparison with WT (P Ͻ 0.05). The fibrotic indices of the two BMT mouse groups significantly improved in comparison with the untreated KO mice (P Ͻ 0.05; Figure 4A ). The fibrotic indices of KO, 3 Gy KO, and 6 Gy KO mice were 0.55 Ϯ 0.10, 0.47 Ϯ 0.15, and 0.38 Ϯ 0.09 at 7 wk of age. The corresponding numbers at 11 wk of age were 3.45 Ϯ 0.18, 2.95 Ϯ 0.18, and 2.80 Ϯ 0.39. There was no significant difference among the three groups at 7 and 11 wk of age ( Figure 4B ).
Immunofluorescence for Type IV Collagen ␣1 through 6 Chains At 7 and 11 wk of age, ␣1 and 2 staining in the glomerular basement membrane (GBM) was positive in all groups ( Figure  5 , A and B). In contrast, ␣3 and 4 staining in the GBM was positive only in the WT mice at these time points. ␣3 staining was performed with two different mAb (H31 and H32). ␣5 staining was positive in all groups at 7 and 11 wk of age, and the strength indices in WT, KO, WT to KO BMT, and KO to KO BMT mice were 4.00 Ϯ 0.00, 2.58 Ϯ 0.04, 2.70 Ϯ 0.03, and 2.77 Ϯ 0.06 at 7 wk of age. Although the strength indices of the three KO groups decreased significantly in comparison with the WT mice (P Ͻ 0.05), no significant difference was observed within the three KO groups. At 11 wk of age, the strength indices of type IV collagen ␣5 chains in these four mouse groups were 4.00 Ϯ 0.00, 3.10 Ϯ 0.08, 3.43 Ϯ 0.03, and 3.40 Ϯ 0.05. The strength indices of KO, WT to KO BMT, and KO to KO BMT mice decreased significantly in comparison with WT (P Ͻ 0.05), and the strength indices of WT to KO BMT and KO to KO BMT mice increased significantly in comparison with KO mice (P Ͻ 0.05). Although ␣6 staining was negative in the GBM of WT mice, it was positive in the other three groups at 7 and 11 wk of age. The strength indices of type IV collagen ␣6 chains in WT, KO, WT to KO BMT, and KO to KO BMT mice were 0.00 Ϯ 0.00, 3.12 Ϯ 0.04, 3.27 Ϯ 0.03, and 3.15 Ϯ 0.06 at 7 wk of age. There was no significant difference within the three KO groups. The corresponding numbers at 11 wk of age were 0.00 Ϯ 0.00, 3.63 Ϯ 0.03, 3.67 Ϯ 0.03, and 3.73 Ϯ 0.03. The strength index of KO to KO BMT mice increased significantly in comparison with that of KO mice (P Ͻ 0.05). The strength indices of ␣5 staining increased significantly from 7 to 11 wk of age in these three KO groups (P Ͻ 0.05), whereas the strength indices of ␣6 staining did not change substantially between 7 and 11 wk of age. The BUN and Cr levels of two BMT mouse groups (each n ϭ 5) significantly improved in comparison with those of untreated KO mice (n ϭ 5) at 11 wk of age (*P Ͻ 0.05); no difference in the BUN and Cr levels was found between the two BMT mouse groups. (B) At 7 wk of age, the BUN level of 3 Gy KO mice (n ϭ 5) was elevated in comparison with that of 6 Gy KO mice (n ϭ 5; **P Ͻ 0.05). The BUN and Cr levels of 3 and 6 Gy KO mice significantly improved in comparison with those of the untreated KO mice (n ϭ 5) at 11 wk of age (*P Ͻ 0.05). The data of the KO group were repeated in A and B.
Reverse Transcription-PCR Analysis
A 361-bp product of Col4a3 representing exon 46 through 48 was detected in whole kidney of WT mice at 11 wk of age. As expected, this band was not detected in KO mice. Instead, we detected a 1458-bp product of Col4a3 in KO mice, which agreed well with the fact that gene ablation was achieved by insertion of the neo cassette into exon 48. Although the 361-bp band of Col4a3 was weaker than that of the WT mice, there were 361-and 1458-bp bands of Col4a3 in WT to KO BMT mice ( Figure 6 ). The Gapdh levels were similar among the four groups. The sclerotic indices of KO and WT to KO BMT mice significantly increased in comparison with the WT group at 7 wk of age (#P Ͻ 0.05). The sclerotic indices of KO, WT to KO BMT, and KO to KO BMT significantly increased in comparison to the WT group at 11 wk of age (#P Ͻ 0.05). Although the sclerotic indices of the two BMT mice groups significantly improved in comparison with KO mice at 11 wk of age (*P Ͻ 0.05), there was no significant difference between the two BMT mouse groups. (B) There was no significant difference among the three groups receiving radiation at 7 wk of age. The sclerotic indices of 3 and 6 Gy KO significantly improved in comparison with those of the KO mice at 11 wk of age (*P Ͻ 0.05). The data of the KO group were repeated in A and B. The fibrotic index of KO mice significantly increased in comparison with the WT group at 7 wk of age (#P Ͻ 0.05). The fibrotic indices of KO, WT to KO BMT, and KO to KO BMT mice significantly increased in comparison with the WT group at 11 wk of age (#P Ͻ 0.05). Although the fibrotic indices of the two BMT mouse groups significantly improved in comparison with the KO mice (*P Ͻ 0.05), no significant difference was observed between the two BMT mouse groups at 11 wk of age. (B) There was no significant difference among the three groups receiving radiation at 7 and 11 wk of age. The data of the KO group were repeated in A and B.
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Western Blot Analysis
After collagenase treatment of the whole kidney, the type IV collagen ␣1 and 2 chains were detected as a monomer and a dimer in all four groups. Type IV collagen ␣3 and 4 chains were detected only in the WT mice. The type IV collagen ␣5 chains were detected in all groups with the highest levels in WT. The level was very low in the untreated KO group and somewhat higher in the two BMT groups. Although the type IV collagen Figure 6 . Reverse transcription-PCR analysis. At 11 wk of age, a 361-bp product of Col4a3 representing exons 46 through 48 was detected in the WT group. A 1458-bp product representing the same region of Col4a3 with an inserted neo cassette was detected in the KO, WT to KO BMT, and KO to KO BMT groups. Although the 361-bp band of Col4a3 was weaker than that of the WT group, a 361-bp band of Col4a3 was detected in the WT to KO BMT group. The Gapdh levels were similar among the four groups. Figure 7 . Western blot analysis. (A) Type IV collagen ␣1 and 2 chains were detected as a monomer and a dimer in all four groups. Type IV collagen ␣3 and 4 chains were detected only in the WT group. The appearance of type IV collagen ␣5 chains was most strongly detected in the WT group and most weakly in the KO group. The signal in the two BMT groups was somewhat stronger than in the KO group. Although the type IV collagen ␣6 chain was hardly detected in the WT group, the signal was stronger in the kidney samples from the three KO groups. D, noncollagenous domain 1 (NC1) dimer (molecular mass of approximately 44 to 50 kD); M, NC1 monomer (molecular mass of approximately 24 to 28 kD). (B) The full-length type IV collagen ␣3 chain with a molecular mass of approximately 180 kD was detected only in the total kidney lysate from the WT mice. ␣-Tubulin was used as a loading control. Immunofluorescence for type IV collagen ␣1 through 6 chains at 7 wk of age (A) and at 11 wk of age (B). At 7 and 11 wk of age, ␣1 and 2 staining in the GBM was positive in all groups. At 7 and 11 wk of age, ␣3 and 4 staining in the GBM was positive only in the WT mice. ␣3 staining was done with two different mAb (H31 and H32). ␣5 staining in the GBM was positive in all groups at 7 and 11 wk of age. Although ␣6 staining was negative in the GBM of WT mice, it was positive in the other three groups at 7 and 11 wk of age.
␣6 chains were hardly detected in WT mice, there were a monomer and a dimer in the three KO groups ( Figure 7A ). We also analyzed the presence of the full-length type IV collagen ␣3 chain (a molecular mass of approximately 180 kD), but the polypeptide was detected only in the total kidney lysate from the WT mice, not in the kidney lysates from the other three KO groups (data of KO to KO BMT mice not shown; Figure 7B ).
Fluorescence In Situ Hybridization for the Male Y Chromosome
Transplanted cells in the WT to KO BMT mice accounted for Ͼ99% of the cells in the bone marrow from 4 wk after transplantation (4 wk 99.2%, 8 wk 99%, 12 wk 99.5%, 15 wk 100%). In glomeruli, the transplanted cells in WT to KO BMT mice gradually increased up to nearly 13% (4 wk 5.7 Ϯ 0.1%, 8 wk 10.4 Ϯ 0.3%, 12 wk 11.9 Ϯ 2.7%, 15 wk 12.7%) in the paraffin sections. Moreover, the transplanted cells in WT to KO BMT and KO to KO BMT mice in frozen sections at 8 wk after transplantation were 11.5 Ϯ 0.4 and 11.0 Ϯ 0.4% in the glomeruli and 6.4 Ϯ 0.3 and 6.3 Ϯ 0.5% in the tubuli, respectively.
Electron Microscopy
Although the GBM remained intact in the WT mice at 11 wk of age, the GBM of the KO mice was severely damaged with thickening and splitting. In the WT to KO BMT, KO to KO BMT, and 6 Gy KO mice, the damage of GBM was weaker than in the KO (Supplemental Figure 1) . The thicknesses of GBM of WT, KO, WT to KO BMT, KO to KO BMT, and 6 Gy KO mice were 94.6 Ϯ 0.4, 347.0 Ϯ 65.5, 210.3 Ϯ 10.0, 226.2 Ϯ 15.4, and 304.6 Ϯ 79.9 nm, respectively.
DISCUSSION
We found in this study a significant improvement in the survival time of the AS mice that receive a transplant of bone marrow cells from the WT mice, and a similar improvement in the survival time was achieved when the mice received KO bone marrow cells. Because the recipient mice were irradiated before BMT, these findings led to the examination of the effects of the irradiation itself. The correlation between the irradiation dosage and survival time was found to be strongly significant. Although the transplanted cells in the glomeruli accounted for Ͼ10% at 8 wk after transplantation, no expression of type IV collagen ␣3 chains was detected using immunofluorescence and a Western blot analysis. The results therefore suggest that the major reason for an improved survival time by BMT might be attributed to the dosage-dependent irradiation effect.
Two recent article reported evidence for the GBM expression of type IV collagen ␣3 chains and improved renal function after wild-type BMT to the Col4a3-deficient AS mice 10, 11 ; however, Sugimoto et al. 10 did not present any data of KO to KO BMT mice, and those of Prodromidi et al. 11 were also limited (the study group was composed of three mice). Those studies differ from this one in regard to the time of transplantation and the strain. We chose 3 wk of age for the timing of BMT in 129 ϫ 1/SvJ, whereas they chose a BMT time point of approximately 8 wk of age in C57BL6. Although the typical thickening of GBM with splitting had already started from 3 wk of age in the 129 ϫ 1/SvJ strain, the change was still mild (Supplemental Figure 2) ; therefore, the damage to the GBM might be milder than that to the C57BL6 strain at 8 wk of age, which may affect the capacity of the bone marrow cells to migrate through the GBM, thus explaining, at least in part, the different outcome of the studies. Attempts were made to identify what the transplanted cells in the glomeruli were, but it was technically impossible. In addition, we could detect only very low levels of Col4a3 mRNA in the kidney of WT to KO BMT mice in all (n ϭ 3), which may very likely be the reason that the type IV collagen ␣3 chains were undetectable according to the findings of both immunofluorescence and a Western blot analysis in our study. Prodromidi et al. 11 also showed the partial restoration of Col4a3 mRNA after WT BMT into KO mice in only two of five samples.
Recently, the GBM deposition of type IV collagen ␣5 chain was recognized in Col4a3-deficient AS mice, which occurred as a type IV collagen ␣5:␣5:␣6 dimer. 13 The immunofluorescence findings of this study were compatible with their result, because we detected type IV collagen ␣5 and 6 chains in the GBM of all KO groups with or without BMT. The GBM deposition of type IV collagen ␣5 and 6 chains increased slightly more in the two BMT groups than in the KO mice, on the basis of the results of immunofluorescence and a Western blot analysis. This increase might play a partial role in the improved survival time.
Several studies have shown that radiation can induce radiation nephropathy, 14, 15 which can be typically observed in a mouse model receiving Ͼ14 Gy, and the onset appears from approximately 24 wk after irradiation. 16 The long-term harmful effects of irradiation itself could not be elucidated in this study because AS mice treated by BMT could not live Ͼ20 wk after irradiation. Because the KO mice at 3 wk of age, which received Ͼ8.5 Gy irradiation, died within 2 wk after irradiation (Table 1) , the dosage-dependent irradiation effects might only be observed at levels Ͻ8 Gy without BMT. The lack of any improvement in the tubulointerstitial compartment in the irradiation-only groups compared with the two BMT mouse groups might thus be partially attributed to the rapid progression to end-stage renal failure; however, there is a recent report that irradiation induces an improvement in another mouse model of kidney disease. 17, 18 Because irradiation itself has multifactorial effects, the precise mechanism behind the improved survival time in the AS mice remains to be elucidated. One possible approach might be to perform a microarray analysis. 19 In conclusion, the significant improvement in the survival time observed in AS mice by BMT may primarily be attributed to the dosage-dependent irradiation effects.
CONCISE METHODS
Experimental Design
Col4a3
ϩ/Ϫ mice whose background was 129 ϫ 1/SvJ were purchased from the Jackson Laboratory (Bar Harbor, ME). 20 The mice were bred in specific pathogen-free areas, and all of these experiments were approved by Institutional Animal Care and Use Committee regulations. Typing was performed using the PCR with tail DNA. A mouse BMT model was modified and used for the study. 21 Three-week-old KO female mice were the recipients, and the donors were 8-wk-old WT or KO male mice. Bone marrow cells were harvested from the ileum, femur, and tibia and suspended in DMEM with 10% FBS. The most suitable irradiation dosage was determined to be 8 Gy after checking the range of 6 to 10 G irradiation (Table 1 ). After total irradiation of 8 Gy, 1 ϫ 10 7 cells were transplanted via the supraorbital vein indirectly within 12 h.
Survival Time
The survival time of WT (n ϭ 15), KO (n ϭ 16), WT to KO BMT (n ϭ 21), and KO to KO BMT mice (n ϭ 15) was checked until 200 d and evaluated using the Kaplan-Meier method. Next, the survival time of KO mice irradiated with 3, 6, and 7 Gy (n ϭ 15, 21, and 11, respectively) without BMT was evaluated using the Kaplan-Meier method.
Laboratory Evaluation
BUN and Cr levels were examined at 7 and 11 wk of age in each group (each n ϭ 5). BUN and Cr were measured by using a urease and glutamate dehydrogenase assay (UN-S kit; Denka Seiken, Tokyo, Japan) and an enzymatic assay (VL II CRE kit; Alfresa Pharma Corp., Osaka, Japan), respectively.
Renal Histology
The renal histology was assessed at 7 and 11 wk of age in each group. The kidney specimens were formalin-fixed, paraffin-embedded and stained with periodic acid-Schiff base to analyze the sclerotic changes (each n ϭ 5). For analysis of the tubulointerstitial fibrotic changes, Masson-Trichrome stain was used (each n ϭ 3). The sclerotic index was examined in 20 glomeruli randomly selected from each mouse in a blinded manner. The fibrotic index to assess the tubulointerstitial damage rather than glomerular damage was examined in 20 areas randomly selected from each mouse in a blinded manner. The sclerotic and fibrotic indices were divided into five categories: 0 (no apparent damaged area), ϩ1 (1 to 25% damaged area), ϩ2 (26 to 50% damaged area), ϩ3 (51 to 75% damaged area), and ϩ 4 (76 to 100% damaged area) as described previously. 22 Immunofluorescence for Type IV Collagen ␣1 through 6 Chains
Immunofluorescence was assessed at 7 and 11 wk of age in each group (n ϭ 3). Cryosections (4 m) were collected onto silanized slides. The slides were treated with acetone for 10 min at Ϫ20°C. After washing with PBS (pH 7.4), the sections were blocked with 10% normal goat serum for 30 min. Next, the slides were incubated with primary antibodies for 60 min at room temperature after washing with PBS. Monoclonal primary antibodies of type IV collagen ␣1 (H11), 2 (H22), 3 (H31 and H32), 4 (RH42), 5 (b14), and 6 (B66) from Shigei Medical Research Institute were diluted 1:100 with PBS containing 1% BSA except for H22, which was diluted 1:50. All of these primary antibodies were made against noncollagenous domain 1 (NC1) of each type IV collagen ␣chain. Sections stained with H11, H22, H31, H32, and b14 were treated with 6 M urea in 0.05 M Glycine/HCl (pH 3.5) for 10 min and B66 for 1 min before blocking. After washing with PBS, the specimens were incubated with FITC-conjugated affinity-purified antibody to rat IgG (Cappel 55760; Cappel, Solon, OH) for 30 min at room temperature. The specimens were mounted after washing with PBS. Nonspecific staining was ruled out by the use of negative controls. To evaluate the results of type IV collagen ␣5 and 6 chains, 20 glomeruli were randomly selected from each mouse in a blinded manner, and the strength of signals of GBM with same exposure times were divided into five categories (score 0 to 4) and expressed as strength index as described previously. 23 
Reverse Transcription-PCR Analysis
Total RNA was isolated from frozen kidneys at 11 wk of age (each n ϭ 3) using TRIzol Reagent (Invitrogen, Tokyo, Japan) and reverse transcription was carried out at 42°C for 50 min in 20 l of reverse transcription mixture containing 5 g of total RNA, SuperScript II (Invitrogen), and oligo dT primers. The primer sequences were as follows: Col4a3, 5Ј-GACAGCCAGGAATGAAAGGA-3Ј (forward in exon 46) and 5Ј-TCTTGTCCATGTGCACGTTT-3Ј (reverse in exon 48); Gapdh, 5Ј-TTCACCACCATGGAGAAGGC-3Ј (forward) and 5Ј-GGCATGGACTGTGGTCATGA-3Ј (reverse). 24 PCR was performed under the following conditions: Initial denaturation temperature at 96°C for 15 min, 40 cycles for Col4a3 and 25 cycles for Gapdh of denaturation at 96°C for 45 s, annealing at 59°C for Col4a3 and 51°C for Gapdh for 45 s, extension at 72°C for 1 min, and final extension at 72°C for 15 min. The predicted band sizes of Col4a3 were 361 bp in WT mice and 1458 bp in KO mice because a 1097-bp neo cassette was inserted into the exon 48 to generate the KO mice. 20 
Western Blot Analysis
The presence of type IV collagen ␣3 chains in total kidney lysates was investigated at 11 wk of age under nonreducing and reducing conditions (each n ϭ 3). Under nonreducing conditions, the mouse kid-neys were minced with blades, incubated at 37°C for 24 h with 0.5 mg of collagenase I (Worthington Biochemical Corp., Lakewood, NJ) and 2 Vol of digestion buffer (0.05 M HEPES [pH 7.5], 0.01 M CaCl 2 , 4 mM N-ethylmaleimide, 1 mM PMSF, 5 mM benzamidine HCl, and 25 mM 6-aminohexanoic acid) to solubilize the NC1 of type IV collagen. 25 Five micrograms of supernatants was loaded onto the 4 to 12% NuPAGE Bis-Tris Gel (Invitrogen). Under reducing conditions, the kidneys were homogenized into a reductive SDS sample buffer and the polypeptides were separated by electrophoresis in 7.5% SDSpolyacrylamide gels. Thereafter, the gels were transferred to polyvinylidene difluoride membrane. The membranes were blocked overnight at 4°C and incubated with primary antibodies at room temperature for 1 h. Under nonreducing conditions, H11, H22, H31, H32, and RH42 were diluted 1:100 and M54 and M69 were diluted 1:50 as the primary antibodies. Under reducing conditions, H31 and ␣-tubulin antibody (Calbiochem #CP06; Calbiochem, Darmstadt, Germany) were diluted 1:10 and 1:1000 as the primary antibodies. Horseradish peroxidase-linked secondary antibodies were anti-rat (H11, H22, H31, H32, RH42, M54, and M69) and anti-mouse (␣-tubulin) and diluted 1:3000. Immunodetection was performed using an enhanced chemiluminescence kit (Amersham Biosciences, Tokyo, Japan). The blots were then exposed to film for various times.
Fluorescence In Situ Hybridization for the Male Y Chromosome
The paraffin sections were rehydrated after deparaffinization in xylene for a total of 10 min. Next, the sections were boiled in 0.01 M citrate buffer solution for 20 min and washed in 0.1% Triton X-100/2ϫ SSC (300 mM NaCl and 30 mM sodium citrate) at 37°C for 30 min. After washing in 2ϫ SSC three times for 5 min, the sections were then incubated in 3 mg/ml pepsin/10 mM HCl at 37°C for 10 min. After washing in PBS, the sections were incubated in 50 mM MgCl 2 /PBS for 5 min. Then, the sections were incubated in 4% paraformaldehyde in 50 mM MgCl 2 /PBS for 10 min and dehydrated in 70% ethanol for 5 min and in 100% ethanol for 5 min. The sections were denatured by incubating in 70% formamide/2ϫ SSC at 85°C for 10 min. After washing in cold 70 and 100% ethanol, respectively, the sections were then dried and put on a 45°C slide warmer for 20 s. Thereafter, the probes for the X and Y chromosomes were applied and incubated at 37°C overnight. The mouse XA (473L8) and YA (Z22F22) probes were labeled and prepared using Nick Translation Kit (Abbott Molecular, Chicago, IL). After washing in 50% formamide/2ϫ SSC at 37°C for 15 min, 2ϫ SSC at room temperature for 15 min, 0.1% Triton X-100/2ϫ SSC at room temperature for 15 min, and 2ϫ SSC at room temperature for 5 min, 10 l of 125 ng/ml 4Ј,6-diamino-2-phenylindole (DAPI) in 1,4-diazabicyclo[2.2.2]octane (DABCO)/ 90% glycerol was applied. Thereafter, the slides were examined to count Y-positive cells using triple band pass filter for FITC, Texas Red, and DAPI. The time course of the transplanted cells in the WT to KO BMT group was monitored in both bone marrow (each n ϭ 1) and glomeruli (each n ϭ 2 except for 15 wk after BMT [n ϭ 1]) at 4, 8, 12 , and 15 wk after BMT. One thousand cells in bone marrow and the glomeruli were counted in each mouse, and the Y probe-positive cells were expressed as a percentage. In frozen sections, the Cy5-labeled X probe and Cy3-labeled Y probe (Chromosome Science Lab, Sapporo, Japan) were used. In frozen sections, 1000 cells were counted in the glomeruli and tubulointerstitial areas in WT to KO BMT and KO to KO BMT mice (each n ϭ 2) at 8 wk after transplantation, which means 11 wk of age, and the Y probe-positive cells were expressed as a percentage.
Electron Microscopy
For electron microscopy, kidney specimens at 11 wk of age were fixed in 4% paraformaldehyde/2.5% glutaraldehyde in 0.1 M phosphate buffer and processed with standard methods in WT, KO, WT to KO BMT, KO to KO BMT, and 6 Gy KO mice (each n ϭ 2). The thickness of GBM was calculated in 20 different points randomly selected from each mouse in a blinded manner.
Statistical Analysis
The data are expressed as means Ϯ SEM. A comparison of the survival time was performed using the Kaplan-Meier method, and log-rank test for trend was used to compare the survival curves among more than two groups. We used the Cox proportional hazards regression model to calculate the hazard ratio and its 95% confidence interval and to assess whether the survival time correlates with irradiation in dosage-dependent manner. Two-way ANOVA was performed to examine the separate effects of the experimental groups and postpartum day on each parameter. This was followed by one-way ANOVA in the case of the presence of a significant interaction between the experimental groups and the postpartum day. Furthermore, one-way ANOVA was followed by the post hoc test in cases in which a significant difference was recognized. Differences were considered to be statistically significant at a value of P Ͻ 0.05, and the Statview 5.0 software package (SAS Institute, Cary, NC) was used for all calculations.
